Abstract A climatically induced acceleration in ocean-driven melting of Antarctic ice shelves would have consequences for both the discharge of continental ice into the ocean and thus global sea level, and for the formation of Antarctic Bottom Water and the oceanic meridional overturning circulation. Using a novel gas-tight in situ water sampler, noble gas samples have been collected from six locations beneath the Filchner Ice Shelf, the first such samples from beneath an Antarctic ice shelf. Helium and neon are uniquely suited as tracers of glacial meltwater in the ocean. Basal meltwater fractions range from 3.6% near the ice shelf base to 0.5% near the sea floor, with distinct regional differences. We estimate an average basal melt rate for the Filchner-Ronne Ice Shelf of 177 ± 95 Gt/year, independently confirming previous results. We calculate that up to 2.7% of the meltwater has been refrozen, and we identify a local source of crustal helium.
Introduction
In recent decades, volume loss from ice shelves, the floating extensions of the Antarctic ice sheet, has accelerated, especially in West Antarctica (Paolo et al., 2015; Shepherd et al., 2018) . Filchner-Ronne Ice Shelf (FRIS), located in the southern Weddell Sea, is the largest ice shelf by volume. At present, its rate of thickness change shows large pentadal variability, with the highest thickness losses in more recent years (Paolo et al., 2015) . Freezing beneath some areas of FRIS has also been observed (Rignot et al., 2013) . Over the coming century, climatically induced increases in mass loss due to submarine (basal) melting have been predicted, driven by warmer water of circumpolar origin intruding into the cavity below FRIS (Hellmer et al., 2012; Timmermann & Hellmer, 2013) . Increased basal melting will thin the ice shelf, reducing buttressing and allowing grounded ice to flow into the ocean at a greater rate, with consequences for the global sea level (Bamber et al., 2009; Shepherd et al., 2012) . Ice shelf-ocean interactions are also important for the formation of Antarctic Bottom Water, modifying the properties of the deepest limb of the global overturning circulation (Foldvik et al., 1985) .
Most contemporary estimates of ice shelf melt and refreezing rates are based on remote sensing and/or modeling approaches (Hellmer, 2004; Paolo et al., 2015; Rignot et al., 2013; Schodlok et al., 2016; Timmermann & Hellmer, 2013) , observations of heat and salt budgets combined with ice data and numerical models (Jacobs et al., 2011; Nicholls et al., 2001 Nicholls et al., , 2006 Nicholls & Makinson, 1998; Nicholls & Østerhus, 2004; Nicholls et al., 2009) , or phase-sensitive radar systems, pRES (Corr et al., 2002) . While measurements of helium isotope He (henceforth He) and neon isotopes Ne (henceforth Ne) is a powerful tool that can detect the presence of basal meltwater in the ocean (Aeschbach, 2016; Hohmann et al., 2002; Huhn et al., 2008; Schlosser, 1986; Schlosser et al., 1990; Weppernig et al., 1996) , observations of glacial meltwater (hereafter named GMW) fractions from beneath Antarctic ice shelves have been notably absent, Therefore, most ice shelf models lack any direct observational validation. Here we present the first noble gas measurements made beneath an Antarctic ice shelf.
Ice Shelf Project (FISP) and the Filchner Ice Shelf System (FISS).
The samples were obtained using a newly developed gas-tight in situ water sampler (for details of sampling and later analysis, see Supporting Information S1). Three sites at around 81°S between Berkner Island and the mainland were occupied in 2015/2016 and are representative of the part of the ice shelf cavity where inflow from the Ronne Ice Shelf (RIS) determines the water column structure (Nicholls et al., 2009) . Three sites around 78.5°S were sampled in 2016/2017. As they are located only~50-65 km south of the FIS ice front, they could potentially be influenced by water masses formed north of the ice shelf (Figure 1 ). The FIS cavity samples (Huhn, Hattermann, et al., 2017) are supplemented by oceanic noble gas samples in front of FIS and RIS (Figure 1 ; Huhn, Rhein, et al., 2017; Roether & Huhn, 2017) .
The stable noble gases helium and neon are weakly soluble in seawater and, therefore, are present in low concentrations. Away from sources and sinks, He and Ne are found to be in excess of their atmospheric equilibrium concentration by 3-4% throughout the water column (Huhn et al., 2008; . These supersaturations are caused mainly by air injection into the mixed layer by submerged air bubbles. If a significant He and Ne excess is found simultaneous, that excess can only be caused by subglacial melting (Schlosser, 1986; Schlosser et al., 1990) .
Glacial ice traps atmospheric air during the snow-firn-ice transformation, slightly modifying the noble gas isotopic ratio (Loose & Jenkins, 2014) . When the meteoric ice melts at the base of an ice shelf, the enhanced hydrostatic pressure causes the noble gases trapped in the air bubbles to dissolve fully in the water. This leads to a He concentration of 25.7 nmol/kg and a Ne concentration of 90.1 nmol/kg in pure GMW (Loose & Jenkins, 2014) . This large excess provides an excellent tool to detect and quantify GMW fractions as low as 0.05% (Huhn et al., 2008; Schlosser, 1986; Sültenfuß et al., 2009 ).
Some GMW may be enriched in crustal He (i.e., the isotope 4 He) from α-decay of uranium and thorium and their daughter products in the bedrock beneath an ice sheet (crustal He-enriched subglacial runoff, SGR, 
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Geophysical Research Letters formed upstream or near the grounding line of the ice shelf). On geological timescales, the crustal He accumulate in the overlying ice up to 300 m above the bedrock (Beaird et al., 2015; Bieri et al., 1964; Craig & Scarsi, 1997; Suess & Wänke, 1963) . A He surplus of 4.5 ± 0.5 times that of GMW has been observed (Craig & Scarsi, 1997) in deep ice that has been near to bedrock. Other authors have reported a surplus He ratio in subglacial lake ice of 3.0 to 3.8 times that of GMW (Jean-Baptiste et al., 2001) . The exact ratio depends on the composition of the bedrock and the time the ice or subglacial water has been in contact with it.
Some He (mainly primordial 3 He) is also added to the ocean's interior by hydrothermal activity (Clarke et al., 1969; Craig et al., 1975; Roether et al., 1998) , whereas for Ne, the atmosphere is the only source.
Results

He and Ne Distribution Below FIS
At the southern sites (FSW2, FSE1, and FSE2), the He and Ne samples were primarily taken from two hydrographically well-mixed zones, the upper 100-200 m below the ice shelf base and in the 200-250 m thick layer above the bottom (Figures 2a and 2b ). The potential temperatures (θ) close to the ice shelf base is low (À2.44°C to 2.49°C, Figure 2c ) but still slightly warmer than the in situ freezing temperatures (i.e., at the pressure of the FIS base at each site; Figure The hydrographic conditions at the northern sites (FNE1-FNE3) are more complex, and the He and Ne samples were collected throughout the water column. Compared with the southern sites, θ near the ice shelf base is higher (À2.2 to À2.25°C). The in situ freezing point at the northern ice shelf base at~530 dbar is À2.3°C. As in the case of the southern sites, temperature and salinities increase with depth, and near-bottom salinities are similar at all the sites.
He and Ne concentrations (Figures 2a and 2b) close to the ice shelf base are generally higher than those deeper in the cavity, which we attribute to gas enrichment from local or nearby basal melting. Even in the cavity's deepest layers, however, the noble gas concentrations far exceed the equilibrium values of ocean surface waters or the ambient water found in front of the FRIS, indicating that GMW is present throughout the entire water column. The vertical density stratification at all sites suggests that the presence of GMW is unlikely to be the result of local vertical mixing. Instead, the deep GMW signal must be sourced through advection from below the RIS farther upstream (Ice Shelf Water with θ less than the surface freezing temperature due to basal meltwater admixtures was observed south of Berkner Island previously; Nicholls et al., 2001) , or through accumulation due to recirculating water within the entire FRIS cavity. The highest He and Ne concentrations are found directly beneath the ice shelf base at FNE3 and FSE2 (the latter is closest to Support Force Glacier, SFG in Figure 1 ). The high concentrations near the ice shelf base at FNE3 can be explained by the absence of a mixed layer (Figures 2c  and 2d ), the noble gases are not diluted by mixing over the upper 100-150 m of the water column, so that the increase in He and Ne toward the ice shelf base is mirrored by the decrease in θ and S.
At FSE2, the water column in the upper 150 m is well mixed with respect to θ and S (Figures 2c and 2d ), but not with respect to He and Ne in the uppermost sample (Figures 2a and 2b ). Our hypothesis is that this sample 3 m below the ice shelf base is subject to refreezing, which would explain why we do not observe a salinity decrease (see also section 3.3 and Figure 4 ). Contamination with air during sampling can be ruled out, since the He/Ne ratio clearly points to addition of crustal He as in the samples below (see section 3.2 and the dashed magenta line in Figure 3a ; contamination with air would follow a line parallel to the solid magenta line). The He ratio (not shown) also support the addition of crustal He instead of atmospheric air. Furthermore, ice platelets below the ice shelf base were observed with a camera, also pointing to refreezing nearby.
At FSW2 (Figures 2a and 2b) , the maximum noble gas signal was found 44 m below the ice shelf base. As the uppermost sample at this site was obtained 80 min prior to the samples below, the difference is likely related to the strong tidal variability beneath FIS that can substantially alter the water column structure over an individual tidal cycle (supporting information Figure SI .2 for FSW2, casts 23 vs. 24; and Figure SI .4, red crosses for FSW2).
GMW Fractions From He and Ne and Crustal He Addition
GMW fractions (Figure 3b ) are quantified using the observed relationship between the He and Ne concentrations (Figure 3a ) measured below the ice shelf and in front of FIS (Figure 1 ).
Most of the samples follow the mixing line toward pure GMW (solid magenta line, Figure 3a) , with higher fractions at the base of FIS and smaller fractions deeper in the water column (Figure 3b ). GMW fractions of up to 3.6% were observed close to the ice shelf base at FNE3 (red squares, Figures 3a and 3b ). Even 500 m below FIS (below 1,000 dbar), the GMW fractions remain above 0.5%. GMW fractions in front of FIS are smaller than 0.6% but still significant (black dots, Figures 3a and 3b ) and the maximum is located at~800 dbar (Figure 3b) , which is deeper than the GMW maximum at the southern (~750 dbar) and northern (~530 dbar) boreholes. Surface samples in front of FIS show only small GMW fractions (<0.2%), either due to dilution with ambient water or because of He and Ne equilibration with the atmosphere.
A distinct He surplus of 0.1 and 0.2 nmol/kg above the GMW mixing line (solid magenta line, Figure 3a ) was found at the southeasternmost site at FSE2 (blue crosses and light blue arrows, Figure 3a) , indicating the addition of crustal He from α-decay in the bedrock into the lower level of the ice stream and into SGR. Indeed, potential temperature-salinity properties show that increased He concentrations at FSE2 are associated with a deviation from the Gade line (Gade, 1979 (Gade, , 1993 ) toward a less saline mixing line (supporting information Figure SI. 3) that cannot be explained by local ice shelf melting, but would be expected from such a freshwater source upstream or near the grounding line. A possible explanation is He-enriched injection of SGR from Support Force Glacier (SFG in Figure 1 ). Support Force Glacier is one of the principal glaciers feeding FIS and is the nearest ice stream (180 km) that could be the source for this locally focused crustal He-enriched SGR addition. Assuming He is 4.5 times higher in SGR than in GMW (Beaird et al., 2015; Craig & Scarsi, 1997) , roughly 13% of the total meltwater observed at FSE2 consists of SGR (dashed magenta line, Figure 3a) .
Some of the samples with the lowest Ne concentrations in front of FIS (black dots highlighted by the green square, Figure 3a) show somewhat higher helium concentrations compared with the GMW mixing line. This signal, observed between 500 and 1,000 dbar at the continental shelf break and slope at the northern end of 
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Geophysical Research Letters the Filchner Trough, is much smaller than the He anomaly observed at the boreholes and results from hydrothermal sources outside the Weddell Sea . If the signal were a remnant of GMW from beneath FRIS, the samples would be expected to show a small Ne anomaly and lie along the GMW mixing line. The hydrothermal source for this signal is further supported by the associated 3 He/ 4 He ratios (not shown).
The FRIS cavity is flushed by cold shelf water (High Salinity Shelf Water, HSSW, Figure 1 ), resulting in relatively low melt rates. Ice shelves in contact with warmer water originating from the Antarctic Circumpolar Current are expected to yield more GMW (Biddle et al., 2017; Heywood et al., 2016; Kim et al., 2016) . However, noble gas-based observations of GMW fractions below other ice shelves are not available, and comparisons are only possible with observations from near their ice fronts. For example, the Dotson and Getz Ice Shelves in the Amundsen Sea exhibit far higher melt rates than beneath FRIS (Paolo et al., 2015; Rignot et al., 2013) . In the Dotson Trough, maximum GMW fractions of~1% at 400-500 dbar and He concentrations up to 2.4 nmol/kg have been observed, with GMW fractions increasing to 2% at~170 dbar directly in front of the Dotson Glacier (Kim et al., 2016) . In contrast, we found GMW fractions in front of FIS to be up to 0.6% GMW at~800 dbar. Thus, in the Dotson and Getz cavities there is reason to believe that GMW fractions are likely far higher than those observed inside the FIS cavity.
Refreezing Fractions
The relationship between noble gas measurements and salinity allow us to infer rates of refreezing (Figure 4 ). HSSW formed during sea ice formation in front of RIS (Ronne High Salinity Shelf Water, HSSW R ; the gray crosses in Figure 4 ) enters the FRIS cavity in the west (Nicholls et al., 2009 ; indicated by the left gray arrow in Figure 1) , circulates within the cavity and fuels melting at the ice shelf base. This is indicated by the mixing line between HSSW R and pure GMW (solid magenta line, Figure 4) . Most of the sub-ice shelf samples from the southern sites (crosses, Figure 4 ) follow this line.
As water below the ice shelf refreezes, salt remains in the liquid phase leaving water masses with a higher salinity (Schlosser, 1986) than that expected from the meltwater mixing line (to the right of the solid magenta line in Figure 4 ). Several samples from the upper layers at the southern sites (FSW2 and FSE2) and more from the northern sites close to the FIS front-especially FNE3-show higher than expected salinities (light blue arrows in Figure 4 ). Refreezing fractions of about 0.8% to 2.7% (FNE3, red squares vs. solid magenta line in Figure 4 ) would produce the observed Ne/salinity relations. FNE3 is the borehole closest to an area of the northern FIS where extensive basal freezing is known to occur (Grosfeld et al., 1998; Rignot et al., 2013) .
The HSSW observed in front of FIS (HSSW F ) is less saline than that in front of RIS (Figure 4) . If the cavity at the northern sites is influenced by the slightly fresher HSSW F , the calculated refreezing fractions would increase to 3.2% (FNE3, red squares vs. solid red line).
The samples that clearly show refreezing (GMW r , particularly those from FNE3) are located near a mixing line that has HSSW F as an end member. If this mixing line is extended toward higher salinities, it intersects the characteristics of modified Warm Deep Water (mWDW, dashed red line in Figure 4 ), as it is observed at the continental shelf break and on the slope in front of the Filchner Trough (data inside the green rectangle in Figure 3) . The mWDW is a Weddell Sea variety of one of the main water masses of the Antarctic Circumpolar Current. Model results suggest that significant quantities of mWDW may penetrate into the FIS cavity in the future, drastically increasing basal melting (Hellmer et al., 2012; Timmermann & Hellmer, 2013) . However, the intrusion of mWDW from the deep Weddell Sea and slope onto the shelf or even into the FRIS cavity at present can only be suggested by our data and must be subject to further investigations. 
Basal Melt Rates
The mean GMW fraction beneath FIS deduced from our noble gas samples is 1.3 ± 0.7%. The volume of the Filchner-Ronne cavity is~136,200 Gt freshwater (R. Timmermann, personal communication, November 22, 2017) . If we assume that it takes 10 years to completely exchange all water inside the cavity (exchange times between 5 and 14 years can be found in the literature; Gammelsrød et al., 1993; Mensch et al., 1996; Nicholls & Østerhus, 2004) , this suggests that the mean melt rate beneath FRIS is 177 ± 95 Gt/year. This independent estimate confirms previous results for the FRIS that are based on modeled surface mass balance and remote sensing observations of ice flow velocities and ice shelf thickness changes (Ronne: 113.5 ± 35 Gt/year; Filchner: 41.9 ± 10 Gt/year; sum: 155.4 ± 36 Gt/year; Rignot et al., 2013) . Furthermore, it agrees with the estimate of 4.3 m 3 /s (or 136 Gt/year), based on previous He observations (Schlosser et al., 1990 ).
The observations beneath FIS are snapshots from two different years. In such a short period of time, significant changes in melting and melt rates beneath FRIS are likely small; hence, the southern (2015/2016) and northern (2016/2017) noble gas data and the derived GMW fractions are comparable with each other. This is also supported by the similar He, Ne, and GMW values in the deeper part of the cavity (Figures 3band SI.4 in the supporting information). More critical, however, may be the time difference between the data in front of RIS, which were used to determine the properties of the inflowing HSSW R end member. These data were obtained more than 20 years prior to the cavity measurements. Melt rate variability on this time scale could be substantial (Paolo et al., 2015) , altering the end member He and Ne values and changing the slope of the mixing line. Resampling noble gas concentrations in this location should be a priority.
Summary and Conclusion
This study presents the first quantitative assessment of GMW fractions beneath an Antarctic ice shelf based on helium and neon samples obtained with a novel in situ gas-tight water sampler, deployed through hotwater-drilled boreholes. It provides an innovative view on the three-dimensional spatial variability of GMW inside the FIS cavity. The unique He and Ne measurements show the presence of GMW throughout the FIS cavity (0.5-3.6%; Figures 3a and 3b) . At one site a distinct local addition of crustal He-enriched SGR (13% of the total meltwater) is identified, revealed by a significant higher He/Ne ratio ( Figure 3a) . Refreezing fractions of 0.8-2.7% are also observed (Figure 4) . Our results provide a benchmark against which ice shelf cavity conditions in models investigating the interaction between the ocean and ice shelves can be compared.
